INTRODUCTION
In many regions of the central nervous system (CNS), neurons with similar structure and function are distributed into layers (Sanes and Yamagata, 1999; Wong and Ghosh, 2002) . This is particularly evident in the neocortex, the hippocampus, cerebellum, and retina. Because disruption of neuronal layers results in perturbed function, much work has focused on understanding the cellular and molecular mechanisms responsible for localizing neurons to their appropriate spatial configurations (D'Arcangelo et al., 1995; Gonzalez et al., 1997; Howell et al., 1997; Yoneshima et al., 1997) .
The formation of neuronal cell layers is often considered to largely depend on mechanisms that regulate the migration of cells after they exit the cell cycle. This is because neurons are known to be generated in regions of cell proliferation distant to their final locations. For example, in the neocortex, progenitors undergo terminal mitosis either at the ventricular (apical) surface or a short distance away in the subventricular zone (SVZ) (Kriegstein et al., 2006 ). Newly generated postmitotic cells then migrate significant distances to their final destination in one of the cortical layers. Thus, our current view of how neuronal layers are formed is that terminal mitosis occurs prior to cells arriving at their laminar location. In contrast, we show here that a population of retinal cells undergo mitosis within their final laminar location, and in doing so, rapidly produce a layer of cells at their appropriate synaptic location.
The vertebrate retina is a laminated structure comprising five major neuronal classes ( Figure 1A) . Each of these cell classes is generated from multipotent progenitors that undergo mitosis at the apical surface (Turner et al., 1990) . Thereafter, like cortical neurons, newly generated retinal cells migrate to laminar positions characteristic of their final phenotype ( Figure 1A ). While this sequence of cell generation and placement is true for some retinal neurons, the appearance of mitotic figures outside the apical surface of the retina Robinson et al., 1985; Rapaport and Vietri, 1991; Smirnov and Puchkov, 2004) raised the possibility that retinal neurons may also be generated near their final destinations. Because static observations do not enable us to readily determine how the nonapical divisions contribute to the generation of a specific neuronal population or its layer, we examined the pattern of neurogenesis in the developing retina of zebrafish, a vertebrate whose rapid development and transparency have proven useful for in vivo time-lapse imaging. Using genetic labeling and imaging approaches, we focused on the development of horizontal cells (HCs), neurons that are born early but form their lamina in the outer retina relatively late in development (Hinds and Hinds, 1979; Schnitzer and Rusoff, 1984; Young, 1985) . Taking advantage of genetic constructs that label HCs and their precursors during development in vivo, we obtained a global view of how the HC layer is generated, and discovered the presence of a precursor dedicated to generating this retinal subclass.
RESULTS

Mitosis Occurs at Distinct Depths of the Developing Retina
To ascertain the location of mitoses during the period of neurogenesis in the developing zebrafish retina, we used anti-phosphorylated histone H3 (PH3) antibodies to mark cells in the M/late G2 phase of the cell cycle (Hendzel et al., 1997) . As expected from previous work (Das et al., 2003; Jensen et al., 2001) , early in the period of retinal neurogenesis, mitotic cells were located exclusively at the apical surface (data not shown). However, as retinal laminae become discernible, mitotic cells were detected both at the apical surface and in the inner nuclear layer (INL, Figure 1B ; see also Schmitt and Dowling, 1999) . When PH3 immunolabeling was carried out on retinal sections from a transgenic fish line in which pancreas transcription factor 1a (ptf1a) regulatory elements drive green fluorescent protein (GFP) expression in amacrine cells and HCs ( Figure S1A in the Supplemental Data available with this article online; Godinho et al., 2005) , it was evident that the INL mitotic profiles were localized primarily outside the amacrine cell layer ( Figure 1B) . Unexpectedly, some of the GFP+ cells in the outer INL, where HCs are labeled, were also PH3+ ( Figure 1B, arrow) , suggesting that INL divisions may contribute to the generation of HCs.
To compare the extent and time courses of INL and apical divisions, we quantified the density of PH3+ cells located at the two division zones ( Figure 1C ). Apically dividing cells declined steadily by the third day postfertilization (dpf), whereas INL divisions transiently peaked at 40-50 hr postfertilization (hpf). Prior to 50 hpf in the ptf1a:GFP line, a large fraction of PH3+ cells in the INL were not GFP+, but thereafter, GFP+ cells contributed to the majority of the PH3+ population.
Time-Lapse Imaging Reveals that Nonapical Divisions Involve an HC Precursor
In order to directly assess whether INL divisions produce HCs, we used Connexin 55.5 (Cx55.5) promoter elements to drive expression of membrane-targeted yellow fluorescent protein (M-YFP) specifically in HCs (Shields et al., 2007) . Injection of the plasmid into fertilized zebrafish eggs resulted in sparse labeling of cells, enabling us to follow detailed changes in neurite morphology of individual cells over time. The laminar location of Cx55.5:M-YFP-labeled cells in the outer margin of the INL and their mature morphology suggested that they were H A type HCs A neuroepithelial cell attached to the apical and basal surfaces translocates to the apical surface where mitosis occurs. This form of division is thought to directly give rise to all major cell classes of the retina. GC, ganglion cell; Am, amacrine cell; Bp, bipolar cell; HC, horizontal cell; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion cell layer. (B) PH3 immunoreactive cells are present at the apical surface (arrowheads) and INL of a 45 hpf retina. PH3 labeling in this retinal cross-section from a ptf1a:GFP transgenic fish reveals that some GFP+ cells are PH3+ (arrow), whereas others are not (asterisk). Cell membranes were labeled by Alexa Fluor 633 Phalloidin staining. Inset shows a higher magnification of the GFP-expressing mitotic figure. (C) Density distributions of all PH3+ cells within the INL or at the apical surface of the retina as a function of age. A plot of the densities of GFP+ cells that were also PH3+ is presented. PH3+ cells were imaged within the dorsocentral retina across ages. The data were derived from four to six sections from three to six fish at each time point (33-63 hpf). Error bars = SEM. (Connaughton et al., 2004; Shields et al., 2007) (Figure S1B) . To visualize the location of the YFP-expressing HCs, we injected plasmids into either fertilized eggs from a transgenic line in which all cell membranes are labeled by cyan fluorescent protein (M-CFP) Q01 ] or into embryos counterstained with BODIPY Texas Red methyl ester, a vital cell membrane marker (Godinho et al., 2005) , prior to imaging. We detected some Cx55.5:M-YFP-labeled cells that morphologically resembled immature HCs at the inner margin of the INL (data not shown, Schnitzer and Rusoff, 1984) . Upon migrating toward the outer plexiform layer (OPL), these YFP-labeled multipolar cells assumed a rounded morphology with a concomitant loss of neurites, characteristic of cells undergoing mitosis (Figure 2 ; Movie S1 in the Supplemental Data available with this article online). We followed the fate of isolated Cx55.5:M-YFP-labeled cells (n = 20 cells; n = 14 fish) by time-lapse imaging over the course of 50-75 hpf. Half (n = 10 cells) of all the YFP+ cells that were followed underwent mitosis. The remaining YFP+ cells were present in pairs and located at the outer margin of the INL at the first time point, suggesting that they too might have undergone a division prior to imaging. Following mitosis, daughter cells migrated apart laterally (between 19-31 mm, 5-6 hr following mitosis, n = 3 pairs of HCs), but always maintained their laminar location at the outer INL, where both cells later assumed a characteristic HC morphology (Figure 2A ). Time-lapse at frequent intervals (every 10 min) demonstrated how rapidly (within minutes) Cx55.5:M-YFP-labeled cells divided ( Figure 2B ). Whether each division produced HC daughter cells of the same subtype could not be ascertained. Nevertheless, the high packing density of GFP-expressing HCs in the ptf1a:GFP line ( Figure 1B ; Figure S1A ) suggests that it is likely that more than one HC subtype is generated by INL divisions.
INL Division of HC Precursors Gives Rise to a Complete Layer of HCs
Although we observed many examples of dividing HC precursors using the Cx55.5 promoter, the few cells we could track per eye did not provide a sense of how extensively these divisions contributed to the formation of the HC population or layer. We thus performed time-lapse confocal or multiphoton imaging of the ptf1a transgenic line from a stage when there were few HCs at the OPL until the emergence of a complete monolayer of HCs. We observed many GFP+ cells in the inner margin of the INL migrating vertically toward the OPL, and the majority underwent division in the outer INL, at or near the OPL (Figure 3 ; Movie S2). Mitoses in the outer INL occurred along random orientations, unlike divisions at the apical surface (Movie S2; Das et al., 2003) . Within a field of view, mitosis could account for approximately 87% of HCs (n = 3 fish) that eventually populated that region. This was obtained by dividing twice the number of mitotic profiles (n 1 = 20, n 2 = 27, n 3 = 33 mitotic cells) observed during the recording period by the total number of HCs in the field of view at the final time point (n 1 = 46; n 2 = 61; n 3 = 78 HCs). This is a conservative estimate, as mitotic figures were not always present to mark a division because some cells divided more rapidly than the frequency with which we collected images. Cell division may also have occurred in dense clusters of cells where single cell bodies could not be readily resolved. By tracking individual precursors at more frequent time intervals (every 25 min), we found that all 22 cells that could be followed in one recording divided in the INL, at or near the OPL (Figure 3) . The progeny of these mitoses remained within the outer INL, suggesting that they became HCs (Movies S2 and S3). Thus, mitosis within the INL is likely to be the primary mechanism that produces the layer of HCs in the zebrafish retina.
Our time-lapse experiments also showed that daughter HCs, and in some instances HC precursors, almost always migrated laterally at the interface of the OPL. The progeny of many divisions at the outer INL migrated out of the field of view during time-lapse recordings, and likewise, HCs also migrated laterally into the field of view, presumably after division outside (Movie S3). While we did not observe a daughter cell divide, this may have occurred outside the imaged area or at a much later time point.
HC Precursors Express Progenitor Cell Markers
To determine the phenotypic characteristics of the HC precursors, we immunostained retinas from 2 to 3 dpf ptf1a:GFP fish with antibodies against Pax6 and Prox1 that mark progenitor cells. In zebrafish, Pax6 is initially expressed in all neuroepithelial cells, and at maturity is present in ganglion cells, amacrine cells, and dividing Mü ller glia (Bernardos et al., 2007) . We found that at 2-3 dpf, GFP+ HC precursors were immunoreactive for Pax6 ( Figure 4A ). The absence of Pax6 immunoreactivity in some GFP+ cells in the outer INL at 57 hpf could indicate that these GFP+ cells are not HC precursors, but rather, postmitotic HCs.
In the mouse retina, Prox1 expression is initiated in progenitor cells prior to the genesis of HCs and amacrine cells; it is upregulated in late S phase as cells enter G2 phase and downregulated as cells exit the cell cycle (Dyer et al., 2003) . Prox1 expression is then later upregulated in mature mouse HCs and some amacrine and bipolar cells. In the ptf1a:GFP retina, we found examples of GFP+ mitotic figures that were also Prox1+ ( Figure 4B ). Some, but not all, GFP+ cells that resembled HC precursors were immunolabeled for Prox1. Presumably, the Prox1 immunoreactive HC precursors may have been just entering the G2 phase of the cell cycle. As in the mouse retina, we also found that Prox1 is expressed by a large subset of HCs located at the OPL at later ages (63 hpf; data not shown). These patterns of Prox1 labeling match those described previously for the embryonic mouse retina (Dyer et al., 2003) . Thus, HC precursors express at least two key progenitor cell markers.
DISCUSSION
Clones comprising a single cell type have previously been observed in the developing rodent (Turner et al., 1990 ) and goldfish retina (Raymond and Rivlin, 1987) . However, to our knowledge, direct visualization of the generation of a single cell type from a symmetric division has not been reported. Our in vivo time-lapse recordings have uncovered a retinal precursor that generates exclusively HCs and produces the vast majority, if not all, HCs that form a layer in the outer retina. Interestingly, a recent study in the chick showed that a progenitor that generates other retinal cell types can undergo a terminal division that produces restricted subsets of HCs (Rompani and Cepko, 2007) . Thus, a committed HC progenitor also exists in the chick retina.
The mode of neurogenesis described here differs from that of the mature retina of fish, amphibians, and birds, where multipotent progenitors in the ciliary marginal zone are thought to contribute to persistent neurogenesis throughout the animal's life (Johns, 1977 ; Wetts et al., 1989; Fischer and Reh, 2000) . In the teleost retina, divisions also exist in the mature INL and ONL (Johns and Fernald, 1981; Johns, 1982; Raymond and Rivlin, 1987; Julian et al., 1998; Otteson et al., 2001 ). However, the INL divisions we observed that give rise to HCs occur in the embryonic retina.
INL divisions are not unique to fish, and in fact have been observed in the cat and human retina, late in the period of neurogenesis Robinson et al., 1985; Rapaport and Vietri, 1991; Smirnov and Puchkov, 2004) . The progeny resulting from these INL mitoses were found to be similar to the progeny of apical mitotic divisions (Rapaport and Vietri, 1991) , suggesting that INL divisions produce many retinal cell types. Indeed, our PH3 immunolabeling of the ptf1a:GFP retina suggests that INL divisions in zebrafish may generate cell types other than HCs. Our preliminary time-lapse microscopy observations did not reveal INL divisions of GFP-labeled amacrine cells at the ages we observed HC precursor divisions to occur. Future experiments to follow the non-HC progeny of INL divisions will be highly informative.
The HC precursors we describe may share a common lineage with other cell types and represent the final precursors in a lineage tree. At least some HCs in the zebrafish retina are derived from progenitors that also give rise to ganglion, amacrine, and photoreceptor cells (Poggi et al., 2005) . However, it is also plausible that HC-committed progenitors exist early in the period of neurogenesis but fail to undergo terminal mitosis until they reach the INL.
Rather than resembling canonical retinal progenitors with neuroepithelial processes spanning the retina, HC precursors bear a strong morphological resemblance to HCs themselves, albeit at immature ages. Strikingly, HC precursors express Pax6 and Prox1, markers of progenitor cells, and fluorescent proteins (FPs) driven by the regulatory elements of genes [ptf1a (Fujitani et al., 2006; Nakhai et al., 2007 ; see also Figure S2 ) and Cx55.5 (Dermietzel et al., 2000) ] normally found in postmitotic HCs. One interpretation of these findings is that HC precursors may commit to an HC fate before terminal mitosis (see also Rompani and Cepko, 2007) . Indeed, the bHLH transcription factor ath5, normally expressed by retinal ganglion cells, is also expressed by ganglion cell precursors prior to their terminal mitosis . The expression of ptf1a in postmitotic HCs in the mouse retina raises the possibility that the HC precursor divisions we observed in fish may not occur in the mouse retina, but this remains to be determined.
It is tempting to speculate that the INL could be regarded as the retinal correlate of the cortical SVZ. Like retinal HC divisions, SVZ mitoses occur away from the apical surface, and are symmetric and neurogenic (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004) . Both precursor cell types express neuronal markers of differentiation prematurely [Hu proteins (Miyata et al., 2004) and TUJ1 (Noctor et al., 2004) ] and share a common morphology; neither have cytoplasmic attachments to the apical or basal surface. However, SVZ-derived neurons migrate to the upper cortical layers, while HCs remain in the laminar location in which they are born. This unusual coexistence, in the laminar position, of HC precursors and postmitotic HCs suggests an opportunity for local signaling between these two cell populations to regulate the number of cells produced, perhaps in a manner akin to the regulation of oligodendrocyte production reported in zebrafish (Kirby et al., 2006) . Additionally, while cortical SVZ precursors arise from ventral zone (VZ) precursors and migrate directly from the VZ to the SVZ, HC precursors take an indirect path, migrating initially to the inner retina before arriving at the outer INL to divide.
By dividing at their future synaptic location, HC precursors can rapidly form the HC layer while presynaptic photoreceptors are being generated and elaborating their axonal processes (Hu and Easter, 1999; Schmitt and Dowling, 1999) . This simultaneous generation and differentiation of presynaptic and postsynaptic cells is likely to greatly increase the rate at which their circuitry can form. This is especially pertinent as zebrafish develop rapidly and are visually responsive within less than a day after HC precursor division is first observed (Easter and Nicola, 1996). Moreover, although small clusters of rods derived from rod precursors in the INL can migrate across the OPL, HC precursors might divide in the INL rather than at the apical surface because movement of large numbers of HCs across the OPL could disrupt elaborating photoreceptor processes.
In summary, mitosis away from the ventricular surface appears to be a common occurrence in many parts of the CNS at later stages of neurogenesis. In the cortex, because divisions in the SVZ are symmetric and neurogenic, they have been proposed to be a mechanism for ''neuronal cell amplification'' (Kriegstein et al., 2006) . However, the percentage of cells in the upper cortical layers that are derived from SVZ divisions is unknown. Our in vivo observations in the zebrafish retina provide direct evidence for a critical role of nonapical divisions in generating an entire cell layer. In addition, the proximity of terminal mitotic division and final laminar destination we report here for HCs demonstrates the existence of a mode of neuronal layer formation by which a specific cell type is generated in a location that could facilitate rapid synaptogenesis with its afferents.
EXPERIMENTAL PROCEDURES Immunocytochemistry
Embryonic zebrafish were fixed and processed for immunohistochemistry as previously described (Godinho et al., 2005) . For immunolabeling, cryosections were incubated overnight in rabbit anti-PH3 (1:1000, Upstate cell signaling solutions), rabbit anti-pax6 (1:200, Covance), and rabbit anti-prox1 (1:200, Chemicon), and then in goat anti-rabbit Alexa Fluor 568 (1:1000, Invitrogen) for 1 hr before coverslipping in Vectashield (Vector Labs). To visualize general retinal architecture, Alexa Fluor 633 Phalloidin (1:50; Invitrogen) was included in the primary antibody incubation. Confocal (Olympus) images were acquired with a 603 (NA 1.4) oil objective. Counting of PH3+ and GFP+ cells was performed on 20 mm thick cryosections, in the dorsocentral retina using Amira 3D software (Mercury Systems). Sample volume was estimated by multiplying the section thickness by the width of the image and the distance from the inner plexiform layer (IPL) to the retinal apical surface.
Transient Expression of Fluorescent Reporters
A Cx55.5:Gal4-VP16 driver (Shields et al., 2007) and 14x UAS:M-YFP reporter (Koster and Fraser, 2001) were coinjected into fertilized eggs at the one-cell stage from crosses of either wild-type fish or one of two stable transgenic lines; Tg(pax6-DF4:M-CFP) Q01 or Tg(pax6-DF4:M- Q02 , where a subpopulation of amacrine cells is CFP-labeled (Godinho et al., 2005) . To define the retinal location of FP-expressing HCs in a wild-type background, embryos were stained with the vital dye BODIPY Texas Red (Godinho et al., 2005) .
CFP)
Live Imaging and Image Analysis
Embryos were prepared for in vivo imaging as previously described (Godinho et al., 2005) . Confocal or multiphoton image stacks were acquired on an Olympus FV500 microscope, or on a custom-built twophoton microscope, using a 603 (NA 1.1) long working distance water objective. Image analysis was carried out using Metamorph (Universal Imaging Inc.) and Amira software. Adobe Photoshop CS was used to process the images further. Tracking of individual HCs in the ptf1a:GFP transgenic background using 4D reconstructions was carried out with Amira software, where image stacks (51-67 optical planes, n = 3 animals) could be freely rotated about in 3D space. Cells were tracked visually across time points, and GFP intensity was used as a guide to differentiate between neighboring cells. Labels and pseudocoloring were made using the paintbrush tool. The orthoslice tool was used to digitally remove the amacrine cell layer, allowing clearer visualization of the HC layer.
Distances over which HC daughter cells migrated apart were measured using Metamorph. Maximum intensity projections were used to calculate the lateral distance (LD) between the daughter cells. The distance in z-depth (ZD) between the cells was then measured by considering the number of optical planes between the cells and the z-step size. Migration distance was calculated as the square root of the sum of (LD) 2 and (ZD) 2 .
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